The pathogenesis of mucosa-associated lymphoid tissue (MALT) lymphomas is associated with independent chromosomal translocations that lead to the upregulation of either BCL10 or MALT1 or the generation of a fusion protein, cIAP2-MALT1. While both BCL10 and MALT1 are critically involved in antigen receptormediated NF-κB activation, the role of cIAP2 is not clear. Here we show that cIAP2 is a ubiquitin ligase (E3) of BCL10 and targets it for degradation, inhibiting antigen receptor-mediated cytokine production. cIAP2-MALT1 lacks E3 activity, and concomitantly, the BCL10 protein is stabilized in MALT lymphomas harboring this fusion. Furthermore, BCL10 and cIAP2-MALT1 synergistically activate NF-κB. These results reveal cIAP2 as an inhibitor of antigenic signaling and implicate its dysfunction in MALT lymphomas.
Introduction
Inhibitor of apoptosis proteins (IAPs) are a family of evolutionarily conserved proteins that regulate apoptosis and other cellular processes (1, 2) . IAPs contain 1-3 characteristic baculoviral IAP repeat (BIR) motifs, which can directly bind to and inhibit caspases, the central executioner proteases of apoptosis (3) . This inhibitory effect of IAPs on caspases is counteracted during apoptosis by death inducers such as mammalian Smac/DIABLO (4-6). However, some IAPs, including cellular IAP1 (cIAP1) and cIAP2, are poor inhibitors of caspases, and they may have important functions in addition to or instead of inhibiting apoptosis. cIAPs and several other IAPs also contain a RING domain, which possesses ubiquitin ligase (E3) activity that may mediate the degradation of themselves and proapoptotic proteins such as Smac/DIABLO (7) (8) (9) . cIAP1 targets the antiapoptotic molecule TRAF2 for degradation and thus plays a role in promoting apoptosis (10) .
cIAP2 is implicated in the mucosa-associated lymphoid tissue (MALT) lymphomas; this presents a definitive example of the involvement of IAPs in human diseases. MALT lymphomas are the most common type of human lymphomas that arise in extranodal sites. They affect virtually every organ in the human body; the majority occur in the stomach (11, 12) . The pathogenesis of MALT lymphomas is specifically associated with at least 3 independent chromosomal translocations. Two translocations, t(1;14)(q22;q32) and t(14;18)(q32;q21), result in the upregulation of BCL10 (an adaptor protein with a caspase recruitment domain, or CARD) and MALT1 (a paracaspase related to caspases), respectively, because of the juxtaposition of the corresponding genes with the Ig heavy chain locus (13) (14) (15) (16) (17) . The third and most common translocation, t(11;18)(q21;q21), generates a fusion protein between cIAP2 and MALT1 (18) (19) (20) . MALT lymphomas with these distinct translocations present no apparent difference in their clinical and pathological features, indicating that there may be a unifying molecular mechanism for the tumors. Indeed, both BCL10 and MALT1 play a critical role in antigen receptor-mediated lymphocyte proliferation and signaling to NF-κB, which controls the expression of genes critical for cell survival, proliferation, and immune responses (21) (22) (23) (24) . BCL10 and MALT1 function together to promote lysine 63-linked polyubiquitination of NF-κB essential modifier (NEMO), a regulatory component of the inhibitor of NF-κB (IκB) kinase complex, leading to IκB kinase activation and subsequent IκB phosphorylation and degradation (17, (25) (26) (27) (28) . The cIAP2-MALT1 fusion strongly activates NF-κB compared with MALT1, suggesting that it is a gain-of-function mutant of MALT1 (17, 25, 29) . However, the function of cIAP2 as related to MALT lymphomas is not understood. Specifically, it is unclear whether cIAP2, like BCL10 and MALT1, is involved in antigen receptor signaling and how its translocation may contribute to the pathogenesis of MALT lymphomas. In the current study, we present evidence that cIAP2 is an E3 ubiquitin ligase of BCL10 and targets it for degradation. This function of cIAP2 is lacking in cIAP2-MALT1, and this leads to enhanced stability of BCL10 in t(11;18)/cIAP2-MALT lymphomas that likely contributes to cIAP2-MALT1-induced NF-κB activation. Thus, all 3 proteins involved in MALT lymphomas are functionally linked in antigen receptor signaling to NF-κB. in cIAP2-MALT1. We further reasoned that this cIAP2 target might be BCL10. To explore this possibility, we first determined whether the level of BCL10 protein is enhanced in t(11;18)/cIAP2-MALT1 MALT lymphoma cells. Immunohistochemical analysis showed that the t(11;18)-positive tumors expressed significantly higher levels of BCL10 than the t(11;18)-negative ones ( Figure 1A) , consistent with previous studies and a recent one on a large number of MALT lymphomas (30) (31) (32) . To quantitate the difference in BCL10 expression in these tumors, we analyzed 5 t(11;18)-positive and 6 t(11;18)-negative MALT lymphomas by Western blot analysis. All tumor samples were at advanced stages and contained similar levels of tumor cells. On average, BCL10 was expressed more than twice as much in the t(11;18)-positive MALT lymphomas as in the t(11;18)-negative MALT lymphomas ( Figure 1B , samples 1-5 versus 6-11, P < 0.0176). These tumor samples contained reactive T lymphocytes and stromal cells (about 30%), which express significantly lower levels of BCL10 (33) . Thus, the actual difference of BCL10 levels in t(11;18)-positive and -negative cells was about 3-fold, in agreement with the dramatic difference of BCL10 levels detected by immunohistochemistry. In addition, we have previously found no significant difference in BCL10 mRNA expression between MALT lymphomas with and without t(11;18), including samples used in this study (32) . Taken together, these results suggest that the BCL10 protein is stabilized in MALT lymphomas expressing cIAP2-MALT1.
cIAP2 associates with BCL10 through its BIR region. We next examined whether cIAP2 interacts with BCL10. HA-tagged BCL10 was expressed either alone or together with FLAG-tagged cIAP2 in human embryonic kidney (HEK) 293T cells, and the lysates from transfected cells were immunoprecipitated with an anti-FLAG antibody. BCL10 was readily detected in the anti-FLAG immunoprecipitates from cells coexpressing cIAP2 and BCL10 but not in those from cells expressing BCL10 alone ( Figure 2B , lane 2 versus 1). Ectopically expressed cIAP2 also bound to endogenous BCL10 (see below). Additionally, we performed an in vitro binding assay. In vitro-translated and metabolically labeled cIAP2 bound to a recombinant glutathione-S-transferase (GST) fusion of BCL10 but not to GST ( Figure 2C, lanes 1-3) . To determine whether endogenous BCL10 and cIAP2 associate with each other, extracts from unstimulated and PMA/ionomycin-stimulated human primary T cells were immunoprecipitated with anti-BCL10 antibody and an isotype-matching control antibody. The immunoprecipitated proteins were analyzed by Western blot. This analysis revealed that endogenous BCL10 and cIAP2 specifically associated with each other in primary lymphocytes, and this interaction was somewhat enhanced when the cells were becoming activated ( Figure 2D ).
When expressed in mammalian cells, BCL10 appeared to be phosphorylated, based on the appearance of slower migrating bands on SDS-PAGE and the disappearance of these bands upon phosphatase treatment ( Figure 2 , B and E). The phosphorylation of BCL10 has been reported to correlate with its membrane recruitment and activation (34) . Interestingly, the cIAP2:BCL10 interaction appeared to be regulated by BCL10 phosphorylation, as phosphorylated BCL10 bound much more strongly to cIAP2 compared with unphosphorylated BCL10 ( Figure 2B , compare the top and bottom panels). To investigate the structural determinants of the cIAP2:BCL10 interaction, we constructed a series of deletion mutants of cIAP2 (Figure 2A ). Co-immunoprecipitation assays revealed that the NH 2 -terminal BIR region of cIAP2, but not the COOH-terminal CARD domain or the RING domain, mediated its interaction with BCL10 ( Figure 2B , lanes 3-6). This finding was confirmed by an in vitro pull-down assay ( Figure 2C, lanes 4-9) . Previous studies have shown that the BIR region of the IAPs interacts with other IAP targets, including Smac and TRAF2 (8, 10) . Thus, this region may determine the substrate specificity of the IAPs' E3 activity.
cIAP2 mediates BCL10 ubiquitination and degradation. When cIAP2 and BCL10 were coexpressed in mammalian cells, we detected a series of high-molecular weight BCL10 species characteristic of mono-and polyubiquitinated species at longer exposure times, and this modification was even more pronounced in BCL10 bound to cIAP2 ( Figure 3A , lane 4). Western blot analysis using an anti-ubiquitin antibody revealed that BCL10 and/or cIAP2 were ubiquitinated in a manner that was dependent on the cIAP2 RING domain ( Figure 3B ). To better distinguish cIAP2-mediated BCL10 ubiquitination from cIAP2 self-ubiquitination, we expressed GST-BCL10-FLAG and GST-cIAP2 alone or in combination in 293T cells. When GST-cIAP2 was expressed alone and precipitated with glutathione beads, the precipitates contained ubiquitinated products of relatively high molecular weights, corresponding to self-ubiquitination of GSTcIAP2 ( Figure 3C , lanes 4 and 8, top panel, range I). However, when GST-BCL10-FLAG was coexpressed with GST-cIAP2, both the anti-FLAG and the glutathione precipitates contained ubiquitinated products of high as well as low molecular weights ( Figure 3C , lanes 3 and 9, ranges I and II). The low-molecular weight ubiquitinated products were likely due to BCL10 ubiquitination. We further performed an in vitro ubiquitination assay to confirm the cIAP2's E3 activity toward BCL10. BCL10 protein was added to a mixture containing recombinant ubiquitin, ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and cIAP2 or cIAP2∆. In the presence of cIAP2, BCL10 was robustly ubiquitinated (Figure 3D, Figure 3D , lanes 4-6). Taken together, these results indicate that cIAP2 is a ubiquitin ligase of BCL10.
A recent report suggested that Itch, a HECT-type E3 ligase implicated in antigen receptor signaling, and its close relative, Nedd4, might mediate BCL10 ubiquitination (35) . We therefore directly compared the activity of these two E3s with that of cIAP2. Nedd4 and Itch showed very weak ability, if any, to promote BCL10 ubiquitination ( Figure 3A , top panel, lanes 2 and 3). Consistently, the interaction of Nedd4 and Itch with BCL10 was either undetectable or considerably weaker than the cIAP2:BCL10 interaction (Figure 3A) . Notably, cIAP2, but not Nedd4 and Itch, also associated with endogenous BCL10 ( Figure 3A , lane 4, top panel). Since polyubiquitination often leads to protein degradation, we then tested whether cIAP2 destabilizes BCL10. BCL10 was coexpressed with increasing amounts of cIAP2 or cIAP2∆. As the amount of cIAP2 increased, the level of BCL10 decreased ( Figure 3E, lanes 1-4) . Interestingly, phosphorylated BCL10 was preferentially degraded compared with unphosphorylated BCL10, consistent with the strong binding of phosphorylated BCL10 to cIAP2 ( Figure 2B ).
cIAP2 inhibits antigen receptor signaling via BCL10 degradation. Given that BCL10 is critical for proliferation and NF-κB activation of lymphocytes in response to antigenic stimulation, we studied the effect of cIAP2 on BCL10 stability and the induction of NF-κB-controlled cytokines in lymphocytes. Notably, in response to antigen receptor simulation in both primary human B and T cells, the level of endogenous BCL10 was significantly reduced within 30 minutes and was not recovered until 16 hours later ( Figure 4A ). BCL10 plays an analogous role in both B cell receptor and T cell receptor signaling (21), and we tested BCL10 ubiquitination in T lymphocytes. BCL10 was ubiquitinated in these cells upon treatment with anti-CD3/CD28. In contrast, it was not ubiquitinated or degraded when these cells were treated with the inflammatory cytokine TNF-α ( Figure 4B ). Thus, ubiquitination and degradation of BCL10 are signal-specific events related to its activation in response to antigen receptor stimulation.
When cIAP2 was introduced into primary human T cells at high transfection efficiency, it significantly destabilized endogenous BCL10 and accelerated anti-CD3/CD28-induced BCL10 degradation ( Figure 4C ). To address the importance of endogenous cIAP2 in BCL10 degradation, we used the E3-deficient cIAP2, cIAP2∆ (Figure 2A ). Similar IAP mutants have been shown to exert a dominant-negative effect (7, 10) . Introduction cIAP2∆ into human primary T cells caused noticeable upregulation of BCL10 (∼70%) ( Figure 4D ). cIAP2∆ also blocked antigenic stimulationinduced degradation of exogenous BCL10 ( Figure 4E ), which was normally degraded with kinetics similar to those of endogenous BCL10 (see Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI25641DS1). We next determined the effect of cIAP2 and cIAP2∆ on anti-CD3/CD28-mediated induction of IL-2, a key mediator of T cell expansion whose expression is dependent on BCL10 and NF-κB activation. Because IL-2 expression in human T cells also strictly requires CD28 costimulation, to induce IL-2 expression only in transfected cells, we used a chimeric construct consisting of the murine CD28 extracellular domain and human CD28 cytoplasmic tail (m/hCD28), which, when stimulated with agonistic anti-murine CD28 antibody, provides appropriate costimulatory signal for IL-2 induction in human T cells (36) . We introduced cIAP2, IAP2∆, or vector into primary human T lymphocytes together with m/hCD28. When the vector-transfected cell cultures were treated with beads coated with anti-human CD3 and antimurine CD28, IL-2 expression was highly induced ( Figure 4F , column 2 versus 1). Interestingly, cIAP2 strongly inhibited IL-2 production (over 60%), while cIAP2∆ markedly enhanced it (∼300%) ( Figure 4F, columns 3 and 4) . Together, these results suggest that cIAP2 plays an important role in downregulating antigen receptor signaling via BCL10 degradation.
Loss of E3 activity of cIAP2 in t (11;18) MALT lymphomas. All of the cIAP2-MALT1 fusion proteins found in t(11;18) lymphomas lack an intact cIAP2 RING domain (18, 30) . To confirm that these fusion proteins lose their E3 activity, we constructed a cIAP2-MALT1 protein consisting of the first 441 amino acids of cIAP2 and the paracaspase domain of MALT1, which represents the majority of clinically observed cIAP2-MALT1 fusions (18, 30) ( Figure 5A ). As expected, cIAP2-MALT1 was much more stable than cIAP2 when introduced into mammalian cells ( Figure 5A ), and it retained the ability to bind to BCL10 as judged by co-immunoprecipitation assay ( Figure 5B , lane 3), in agreement with the cIAP2 BIR region being responsible for the interaction (Figure 2 , B and C). However, cIAP2-MALT1 failed to ubiquitinate BCL10 ( Figure 5B, lane 3) . Like cIAP2∆, cIAP2-MALT1 impeded BCL10 degradation in human primary T cells ( Figure 4D , lane 3, and Figure 5C , lanes 4-6 versus 1-3) and enhanced anti-CD3/CD28-induced IL-2 production ( Figure 4F , column 5). Therefore, the t(11;18) translocation results in a fusion protein that not only lacks the E3 ubiquitin ligase activity of cIAP2 but also may interfere with the function of endogenous cIAP2. 293T cells were transfected with GST-BCL10-HA, FLAG-cIAP2, and FLAG-cIAP2∆ as indicated, and cell extracts were incubated with anti-FLAG beads. The immunoprecipitates and extracts were analyzed by Western blot. (C) 293T cells were transfected with GST-BCL10-FLAG and/or GST-cIAP2. The cell extracts were incubated with either anti-FLAG beads or glutathione beads (GTN, for GST tagged proteins), and the precipitates and extracts were analyzed by Western blot. (D) Ubiquitination of BCL10 by cIAP2 in vitro. Recombinant GST-BCL10 was incubated with recombinant ubiquitin, cIAP2 (lanes 3, 5, and 6), or cIAP2∆ (lane 4), and recombinant E1 and/or E2, as indicated. The samples were analyzed by Western blot with anti-BCL10 (top) or anti-cIAP2 (bottom) antibody. cIAP2 did not ubiquitinate GST (data not shown). (E) Wild-type cIAP2, but not the RING deletion mutant, induces BCL10 degradation. BCL10-HA was coexpressed with increasing amounts of FLAG-cIAP2 or FLAG-cIAP2∆. Endo., endogenous; F, FLAG; G, GST; Ub, ubiquitin.
The upregulation of BCL10 in t(11;18)/cIAP2-MALT1 lymphomas and the ability of cIAP2-MALT1 to interact with BCL10 led us to test whether BCL10 participates in cIAP2-MALT1-induced NF-κB activation. Because high levels of ectopic expression of cIAP2-MALT1 lead to robust NF-κB activation, we transfected Jurkat T cells with varying amounts of BCL10 together with a relatively small amount of cIAP2-MALT1, which should more closely resemble its typical level in t(11;18) MALT lymphomas as opposed to high levels of overexpression. Notably, under these conditions, BCL10 and cIAP2-MALT1 activated NF-κB synergistically ( Figure 5D ). We also examined the effect of BCL10 downregulation on cIAP2-MALT1-induced NF-κB activation. BCL10 is expressed in various cell lines (Supplemental Figure 2) . The expression of endogenous BCL10 could be effectively knocked down in HeLa cells using the RNA interference technique ( Figure 5E ). Expression of cIAP2-MALT1 in HeLa cells activated an NF-κB-responsive reporter gene, and, interestingly, this activation was attenuated when the level of BCL10 was lowered by small interfering RNA (siRNA) ( Figure 5E ). Therefore, cIAP2-MALT1 not only acts in synergy with but also at least partially requires BCL10 to activate NF-κB.
Discussion
The association of MALT lymphoma with 3 independent translocations is unique among small B cell lymphomas, where typically only 1 translocation is involved, as is evident in Burkitt lymphoma (c-myc), follicular lymphoma (bcl2), and mantle cell lymphoma (bcl1/cyclin D1) (37) . Previous studies have revealed a critical role of both BCL10 and MALT1 in lymphocyte proliferation and NF-κB activation. The current study indicates that cIAP2 normally mediates BCL10 degradation and inhibits antigen receptor signaling, and that this function is missing in the cIAP2-MALT1 fusion, likely leading to enhanced BCL10 stability in t(11;18) lymphomas. Therefore, remarkably, all 3 proteins involved in MALT lymphomas are functionally linked in antigenic signaling to NF-κB. In addition, high levels of BCL10 pro- tein are also associated with t(14;18)/IgH-MALT1-positive MALT lymphomas and are believed to be critical for MALT1-mediated NF-κB activation in these tumor cells (32) . Thus, BCL10 upregulation appears to be a unifying molecular mechanism of MALT lymphomas associated with all 3 distinct translocations. The strength and duration of antigenic signaling are central to proper regulation of immune responses, and E3 ubiquitin ligases have recently emerged as important regulators of lymphocyte activation (38) . The rapid and robust degradation of BCL10 in both primary human B and T lymphocytes, in combination with its essential role in lymphocyte proliferation, indicates that the level of BCL10 may be a focal point for the regulation of antigen receptor signaling. Through the control of BCL10 stability, cIAP2 likely plays a critical role in downregulating lymphocyte activation and preventing hyperproliferation.
Finally, the results in this and previous reports also indicate that cIAP2-MALT1 is a unique oncoprotein: it is both a gain-of-function (for MALT1) and a loss-of-function (for cIAP2) mutant. When expressed in primary T cells, both cIAP2 and cIAP2-MALT1 enhance IL-2 production to similar levels, suggesting the importance of the loss of function in lymphocyte activation. The relative contribution of these 2 properties to the oncogenic potential of cIAP2-MALT1 has yet to be determined. It is of note that while cIAP2-MALT1 is able to strongly activate NF-κB upon overexpression, it is not highly expressed in t(11;18)-positive MALT lymphomas (29, 32) . Nevertheless, the combination of both properties of cIAP2-MALT1 likely results in strong NF-κB activation in lymphocytes harboring cIAP2-MALT1 in the presence of weak or no antigenic stimulation (Figure 5F ), eventually leading to oncogenic transformation. 
Methods
Antibodies and plasmids. Antibodies against CD40 (BD BiosciencesPharmingen), IgM (MP Biochemicals), HA tag, BCL10, ubiquitin, cIAP2 (Santa Cruz Biotechnology Inc.), and FLAG tag (Sigma-Aldrich) were purchased from the indicated sources. Beads coated with anti-human CD3 and anti-human CD28, with anti-human CD3 and anti-murine CD28, or with anti-murine CD28 only were prepared as previously described (36) . All constructs for expressing proteins in mammalian cells and for in vitro transcription/translation were made in pRK5 with tags at the NH2-and/or C-terminus as indicated. Constructs for expressing GST-BCL10, -BCL10N, and -BCL10C fusion proteins in E. coli were made in pGEX-1ZT.
Transfection, immunoprecipitation, Western blotting, and phosphatase treatment. Transient transfection of 293T cells was performed using the calcium phosphate precipitation method, and 0.01-4 µg of each plasmid was used to achieve similar levels of protein expression unless otherwise indicated. Sixteen to 22 hours after transfection, cell lysates were prepared in 1% NP-40 lysis buffer (50 mM HEPES, 150 mM NaCl, 10% glycerol, 2 mM DTT, 1% NP-40, and 1 mM EDTA) and immunoprecipitated with anti-FLAG mAb M2 immobilized on beads. The immunoprecipitates and cell lysates were resolved by SDS-PAGE and analyzed by Western blot with the indicated antibodies. BCL10 immunohistochemistry of MALT lymphomas was carried out as previously described (33, 39) . For Western blotting, all the tumors were previously characterized and at advanced clinical stages. Each sample contained a similar portion (more than 70%) of tumor cells as judged by histological examination of the H&E staining. To detect endogenous BCL10: cIAP2 interaction, freshly isolated human primary CD4 + T cells were first expanded by stimulation with anti-CD3/CD28 beads (3 beads per cell) and culturing for approximately 12 days (36). Cells were then either stimulated with 10 ng/ml PMA plus 100 ng/ml ionomycin (Sigma-Aldrich) or left untreated. Cell lysates from approximately 2.5 × 10 7 cells were subject to a co-immunoprecipitation assay.
In vitro binding and ubiquitination assays. Recombinant GST, GST-BCL10, GST-cIAP2, GST-cIAP2∆, His6-tagged yeast E1 Uba1, E2 UbcH5a, and ubiquitin were expressed in E. coli DH5α or BL21 and purified with glutathione or Ni 2+ beads (QIAGEN) as previously described (40) . For in vitro binding, full-length cIAP2 protein and its truncation mutants were generated by the TNT coupled in vitro transcription/translation system (Promega) according to the manufacturer's instructions and incubated with GST or GST-BCL10 in 0.5 ml of NP-40 lysis buffer at 4°C for 2 hours. The immunoprecipitates were resolved by SDS-PAGE and analyzed by autoradiography. For in vitro ubiquitination assay, GST-BCL10 was added to a mix of E1 Uba1 (50 ng), E2 UbcH5a (200 ng), ubiquitin (0.8 µg), and in vitro-translated GST-cIAP2 or GST-cIAP2∆ in a total volume of 30 µl of ubiquitination buffer (50 mM Tris, pH 7.5, 2 mM ATP, 2.5 mM MgCl2, 0.5 mM DTT, and 0.05% NP-40). The mix was incubated at 30°C for 1 hour. The reactions were terminated with sample buffer and resolved on SDS-PAGE.
NF-κB reporter assay. Jurkat and HeLa cells were transfected with the indicated potential NF-κB activators, p(κx)3-IFN-LUC (NF-κB-responsive luciferase), and pcDNA3-LacZ by Lipofectamine 2000 (Invitrogen Corp.) and SuperFect (QIAGEN) methods, respectively. The total amount of plasmid DNA was kept constant by addition of empty vector. After culturing for 24 hours, cell lysates were made, and luciferase activity was determined by a luciferase assay system (Promega) according to the manufacturer's instructions. The luciferase activity was normalized with the expression of β-galactosidase, which was measured using o-nitrophenyl-β-d-galactopyranoside.
Analysis of BCL10 degradation and modification and IL-2 production in human primary T cells. Human peripheral blood lymphocytes were isolated from normal volunteer donors after apheresis and elutriation, and B, total T, and CD4 + T cells were purified by negative selection using magnetic beads (Dynal Biotech) as previously described (36) . Expression plasmids were introduced into the CD4 + T cells using an Amaxa electoporator (Amaxa Inc.) according to the manufacturer's instructions. Typically, 5 × 10 6 cells and 0.4-1.2 µg of each plasmid were used, and the total amounts of DNA were kept constant by addition of the vector DNA. Transfection efficiency was approximately 20-80% and was consistent within each experiment as judged by GFP expression and/or FACS analysis. Fourteen to 20 hours after transfection, cells were stimulated with beads coated with anti-human CD3 and anti-human CD28 or with anti-human CD3 and anti-murine CD28 (3 beads per cell) as previously described (36) . To purify transfected cells, a plasmid expressing the murine CD8 extracellular domain was cotransfected into primary human T cells. The apoptotic cells were removed using a Dead Cell Removal Kit (Miltenyi Biotec), and the transfected live cells were purified using anti-CD8 microbeads (Miltenyi Biotec). Over 98% of purified cells were positive for murine CD8 as judged by FACS analysis. To examine IL-2 induction, cytoplasmic RNA was purified by RNeasy Kits (QIAGEN) and reverse transcribed using First-strand cDNA Synthesis System for Quantitative RT-PCR (Marligen Biosciences). Primers and probes to detect IL-2 and 28S rRNA were designed using Primer Express software (Applied Biosytems). Their sequences are: CACCAG-GATGCTCACATTTAAGTT and GCTAAATTCAGCACTTCCTCCAG (IL-2 primers), CATGCCCAAGAAGGCCACAGAACTG (IL-2 probe), GAACG-TACCATCTGTGGGATTATGA and CTATCCGAGGCCAACCGA (28S primers), and CCTCTAAGTCAGAATCCCGCCCAGGC (28S probe). Realtime PCR amplification and product detection were performed using the ABI PRISM 7700 (Applied Biosytems) as recommended by the manufacturer. Results were normalized to 28S rRNA levels, and relative expression was determined using the ∆∆Ct method according to the manufacturer's protocol. The m/hCD28-cotransfected cells were purified using anti-murine CD28 beads. To examine BCL10 ubiquitination, expanded CD4 + T cells (see above) were treated with the indicated reagents. Cell extracts were prepared from approximately 1 × 10 8 untreated and TNF-α-treated cells and approximately 3 × 10 8 anti-CD3/CD28-treated cells to normalize the level of BCL10, and in lysis buffer containing 1% SDS to disrupt protein-protein interactions. The lysates were then diluted in buffer with no SDS and incubated with a polyclonal anti-BCL10 antibody that was conjugated to AminoLink Plus Coupling Gel (Pierce Biotechnology Inc.).
Statistics. Pooled t test was used to evaluate the relative level of BCL10 (BCL10/actin) from the t(11;18)-positive versus control groups of MALT lymphomas without any known translocation. The computed P value (P = 0.0176) was significantly lower than traditionally set criterion (P < 0.05).
